Introduction naturally explain this. For example 10 keV photons penetrate several microns even into the densest known compounds and elements. Thus the use of a grazing incidence or total reflection scattering geometry is necessary when studying film like samples with IXS. The feasibility of investigating thin films with IXS has been recently demonstrated by the observations of core excitations in a 10 nm La 0.6 Sr 0.4 CoO 3 film by Fister et al and phonon spectra in 2H-NbSe 2 [13, 14] . Following these groundbreaking investigations, we present experimental results and computational analysis on the valence IXS spectra in LaAlO 3 /SrTiO 3 (LAO/STO) heterostructures and bulk crystals of LAO and STO.
The IXS cross section is theoretically quite well understood and calculable from first principles (see, e.g. [15] ). The doubly differential cross section is written as 
where r 0 is the classical electron radius, while 
where n is the average electron density and e is the unit charge. LAO and STO are insulating perovskite oxides with band gaps of 3.2 and 5.6 eV, respectively. The ground state electronic structures of both compounds are moderately well described with density functional theory (DFT) in the local density approximation (LDA) [16, 17] . Although the band gaps are underestimated, a spin unpolarized LDA treatment produces an insulating ground state. For STO, a recent G W 0 0 calculation resulted in a Γ point band gap of 3.76 eV in good agreement with experiment [18] . Ohtomo and Hwang showed that surprisingly, if 4-5 unit cells of LAO are grown on a TiO 2 terminated STO(1 0 0) substrate, the interface becomes conducting [19, 20] . The formed electron gas has a large mobility and may have applications in oxide electronics [21, 22] . Furthermore, the interface may provide a tunable platform for studying the fundamental physics of (quasi) two dimensional electron systems. Subsequent investigations revealed that the interface can also exhibit superconductivity, ferromagnetism and their phase separated coexistence at cryogenic temperatures [23] [24] [25] [26] [27] . The initial discovery raised a surge of investigations on the atomic and electronic structure effects affecting the metallization of the interface [28] [29] [30] . A polar catastrophe scenario was presented to explain the interface conductivity. In this scenario electrons are promoted to conduction states to the Ti 3d bands at the interface to screen a divergence in the Hartree potential induced by the polar LAO layers in analogy with semiconductor multilayers [19, 31] . The effects of intrinsic and extrinsic oxygen vacancies and cation mixing across the interface have also been considered [28, 32, 33] . Overall the interface presents a complicated problem in which the roles of stoichiometry, atomic geometries and electronic structure need to be understood. In this work we focus on the electronic excitation spectra of LAO/STO heterostructures via an comparison with bulk spectra.
The properties of STO in bulk and film forms are fascinating in their own right. STO crystallizes to a cubic perovskite structure with the space group Pm3m. It exhibits a rich phase diagram in temperature, doping and pressure or strain. STO undergoes a cubic to tetragonal phase transition at 105 K and exhibits quantum paraelectricity at 0.35-4 K [34] . Superconductivity can be introduced via creation of oxygen vacancies or Nb doping [35, 36] . In thin films, interfacial room temperature ferroelectricity in strained STO has also been observed [37] . Here we choose to study superlattice samples, as their thickness is well suited for hard x-rays.
The inverse dielectric function of LAO/STO multilayers has been studied with electron energy loss spectroscopy (EELS) in the core excitation regime, providing important information on the interface geometry and stoichiometry [38] . However the valence excitation regime has not been studied so far with either IXS or EELS. Our experiment provides new information on the evolution the electronic structure of LAO and STO as they form a heterostructure. The experimental and computational valence and core electron excitation spectra in LAO/STO systems will be presented in the following.
Experimental methods and samples
Three LAO/STO heterostructures with varying superlattice stacking were investigated using IXS. All samples were grown by pulsed laser deposition on TiO 2 terminated STO(1 0 0) substrates. Oxygen partial pressure of 10 −5 Torr was used. Layer-by-layer growth was verified with in situ electron scattering, and ex situ x-ray diffraction demonstrated the presence of superlattice peaks. See [39] for further details. The superlattice stackings were 1 ML LAO/1 ML STO, 2 ML LAO/2 ML STO and 5 ML LAO/5 ML STO, where ML denotes a single unit cell thickness. The total thicknesses of the structures, approximated from bulk lattice constants, were 55 nm. The samples will be denoted ML1, ML2 and ML5, respectively. The bulk crystals were obtained from MaTeck GmbH.
The IXS experiments were performed at beamline 20-ID of the Advanced Photon Source. The undulator spectrum was monochromatized with a Si(1 1 1) double crystal setup. The radiation from the monochromator was then focused onto the sample using a Kirkpatrick-Baez mirror. The spectra of scattered x-rays were collected using the LERIX spectrometer [40] . We used 19 spherically bent Si(1 1 1) crystal analysers. The energy loss measurements were performed with the inverse energy scan technique, where the incident energy is scanned while keeping the scattered photon energy fixed at 7.912 keV. The combined band passes of the monochromator and spectrometer sum up to a total energy resolution of 1 eV. The total reflection conditions were verified with a postsample phosphor screen by visually observing the appearance of total reflection scattering intensity at grazing angles below 0.5°. During the total reflection scans, the samples were inclined at an angle of 0.2°-0.3° with respect to the incident beam.
The spectra were measured repeatedly, normalized to the incident beam intensity, and checked for internal consistency. The consistent scans were finally averaged. The valence spectra were processed by subtracting a Pearson VII distribution from the experimental data to mimic the tail of the elastic line. Our data are then considered reliable above 5 eV. For comparison purposes, the spectra then were normalized to unit area over the fixed energy interval of 25-50 eV.
To prove that the IXS measurements indeed probe the multilayer structure, figure 1 shows the La N 4,5 core-excitations spectra from LAO/STO multilayer, and from bulk LaAlO 3 . We measured the spectra both in grazing-incidence total reflection (GI-TR) and in non-GI (incidence angle °2 ) geometries. This energy region has no spectral features from STO, so the observed peaks can only originate from LAO. The spectra from other La compounds are known to exhibit a giant dipole resonance at ∼120 eV at low momentum transfers, and sharp nondipolar multiplet peaks at lower energies (100-110 eV) that dominate the spectra at large momentum transfer (q > 4 Å −1 ) [12] . All spectra correspond to the La → d f 4 4 transitions. It can be seen in figure 1 that the La spectra, which can only originate from the multilayer, are clearly visible in the GI-TR conditions, while it nearly disappears at non-GI. Comparing to bulk LAO it can be estimated that 50% of the signal originates from the multilayer, the rest coming deeper from the substrate. As we will show later in this article, the same conclusion will be reached via principal component fitting of multilayer spectra with bulk reference spectra.
Computational methods

First principles calculations
The ground state electronic structures of LAO and STO were calculated using the DFT plane wave pseudopotential method as implemented in the ABINIT package [41] . The LDA was used to account for exchange and correlation effects. Normconserving Hartwigensen-Goedecker-Hutter pseudopotentials with semicore states were used [42] . The atomic states included in the valence were Sr-4s/4p/5s, Ti-3s/3p/3d/4s La-5s/5p/5d/6s, Al-3s/3p and O-2s/2p. The experimental cubic lattice constant = a 3.905 STO Å was used for STO [43] . A pseudocubic structure with = a 3.7191 LAO Å was used for LAO [44] . The total energies were found to be converged at a kinetic energy cutoff of 80 Ha. We used an unshifted × × 8 8 8 Monkhorst-Pack grid with 56 k-points in the irreducible Brillouin zone. The resulting indirect and direct gaps were 1.9 and 2.3 eV STO, and 3.5 and 3.6 eV for LAO, in agreement with previous LDA calculations [17, 45, 46] . The site-and symmetry-resolved density of states (DOS) were also calculated to aid in the interpretation of the excitation spectra. The tetrahedron method was used in the Brillouin zone integrations. The integration radii in STO were set as [18] . For LAO, an integration radius of 2 a.u. was used for all atoms. representing higher order multipole spectra. The 2-uc spectra are also shown in non-GI geometry (incidence angle of 2°), which represents the bulk STO substrate spectrum without significant multilayer contribution. The macroscopic dielectric functions in the energy range of 0-50 eV were evaluated in the random phase approximation (RPA) using the yambo code [15, 47] . The number of bands included in the polarization function was 120. The local field effects were taken into account by inverting the dielectric matrix with 300 → G components. The spectra were found to be converged with respect to the number of bands and local field effects. We used a constant quasiparticle lifetime of 0.5 eV in evaluating the response function.
The 
Free-ion multiplet calculations
A set of calculations for shallow-core spectra were done using Cowan's code [48] . We assumed free ions neglecting crystal field effects, and performed the calculations in the intermediate spin-orbit coupling. The former assumption is discussed further in the next section. The calculations used the HartreeFock approximation with relativistic corrections. We used a 80% scaling of the Slater-Condon parameters, while the ab initio value was used for the spin-orbit interaction.
Intense high-order multipole excitations in core-level preedges measured by IXS have been found by Sternemann et al and thoroughly investigated and explained by Gordon et al [5, 12, 49] . Since then such multiplet IXS spectra have been investigated in detail in transition metals, actinides, and rare earths [5] [6] [7] [8] [9] [10] [11] [50] [51] [52] [53] .
The theory for shallow-core to valence excitations in cases where the orbitals involved in the transition share the same principal quantum number was developed by Sen Gupta et al [8] . According to this theory, large differences are expected between the dipole and higher-order multipole transitions. In particular, as often turns out to be the case, the multipole transitions that are lower in energy than the dipolar ones, correspond to well bound states and can be modeled using local single-ion or cluster-like models. In contrast, often dipole allowed virtual-bound resonances (such as the giant dipole resonance in rare earths) hybridize with the continuum states and are broadened into a Fano lineshape [5] . For this reason the dipole and high-order multipole excitations are treated differently in our discussion below.
Using the multiplet calculations, we consider the following excitations: Sr . The valence-electron response is represented at low momentum transfers by a plasmon excitation that gradually transforms into a Compton profile with an increasing momentum transfer [3] . This, in practice, yields a relatively broad but momentum-dependent continuum-like contribution that lies below the well-defined shallow-core excitations. In order to take it into account for better comparison between the multiplet calculations and the experimental spectra, this contribution was simulated by using a free-electron gas response within the random phase approximation as detailed by Schülke [54, 55] .
Results and discussion
In this section we will discuss the experimental results in comparison with the multiplet and first principles calculations. The effect of crystal fields on the shallow core excitations we observe in the S( ω → q, ) is commented in the following paragraph. The experimental spectra and multiplet calculations are presented in figures 2 and 3. The valence band density of states and selected valence excitation spectra are presented alongside the calculated RPA dielectric and loss functions in figures 4-7.
Our calculations in the multiplet model neglect crystal field effects (crystal field splitting between Ti e g and t 2g states is approximately 2 eV [18] ) on the semicore excitations. We note that x-ray absorption studies on LAO/STO samples have revealed clear crystal field splittings that evolve with superlattice stacking (or film thickness) at the Ti L 2,3 edge [56] . Similar effects are in principle observable at the M edges of Ti as well. Gordon et al [57] have shown that the octupole transitions at transition metal M 2,3 -edges display q-dependent energy shifts that can be traced to anisotropy of the electronic structure even in powder samples, i.e. one could expect to see a peak position shift signifying changes in the crystal field. However, one should also note that the lifetime broadenings of the Ti M 2 and M 3 states are approximately 1.2 eV [58] . Moreover, La has semicore excitations that overlap with the excitations in STO. The lifetime broadenings and line overlaps in the spectra make crystal field splittings of minor importance. Especially in the case of the La 4 f states their effect is expected to be small. Thus we can neglect crystal field effects in the present spectral analysis. Figure 2 (a) shows the measured spectra for STO. Similar data have been obtained by valence-electron EELS by van Benthem et al [16] . They interpreted the spectral features in detail using band structure and density of states calculations. First, we use the ionic model with multiplet calculations to interpret some of the transitions: this aids in fingerprinting the origins of each peak. Hence in figure 2(b) we show our results from the free-ion multiplet calculations.
At lowest q, the spectra are characterised by three peaks (16 eV, 30 eV, and 50 eV). The peak at 16 eV is an interband excitation from predominantly O 2s to the unoccupied states. At increased values of q, the spectra gain broad weight culminating at a large peak at 50 eV at π = × q a 1.9 2 / sto This structure is attributed to a plasmon mode (although overdamped) that transforms gradually into a Compton line at high q [3, 59, 60] . The electrons that contribute to the bulk plasmon, and are considered to be in the valence, are Sr 4p and 5s, Ti 3p and 3d, and finally O 2s and 2p. This yields a value of the electron gas density parameter r s = 1.39 and the plasmon energy at q = 0 of 28.9 eV. However, the plasmon is strongly damped and has a width of ∼10 eV. Furthermore, the peak seen at 30 eV at low values of q is not dominated by the plasmon, but of the dipolar contribution of the Sr → p d 4 4 excitation. For LAO the corresponding spectra are presented in figure 3 . The plasmon energy is 30 eV, and in this case the peak at 30 eV at lowest q indeed is dominated by the actual plasmon, even if the plasmon excitation is very broad in energy and appears thus highly damped. The notable transitions in addition to the plasmon/Compton lineshape are La O 1,2,3 transitions marked in figure 3 The dielectric function of STO has been studied using electron energy loss and spectroscopic ellipsometry [16, 61, 62] For STO, the most prominent features in the experimental loss function are at approximately 16 and 30 eV. From figure 5 we observe that Re ε has a minimum at 28 eV. Although there is no zero crossing of the real part, which would cause, by definition, the existence of a plasmon excitation at that point, the imaginary part is small as well, and thus the 30 eV structure is attributed to a heavily damped plasmon mixed with semicore and interband transitions. The atom centered density of states shows that the energy difference between semicore Sr 4s and Ti 3p states and the first unoccupied states also lie in this energy region, and thus provide a decay channel for the plasmon mode in addition to the more shallow valence band states. The calculated ω ( ) → S q, has a double peak structure at 13-15 eV. These features correspond to peaks in ε 2 and nonzero ε 1 indicating interband transitions from the Sr 4p valence band to unoccupied Ti 3d states.
The valence band density of states, experimental S( ω figure 6 .
The dielectric function of LAO (figure 7) reveals again a heavily damped plasmon. Both real and imaginary parts of the dielectric function are small between 30 and 40 eV, resulting in a broad peak in ω ( ) → S q, . The deep lying bands between −20 and −10 eV provide decay channels for the plasmon leading to strong damping. The 12 eV feature corresponds to a peak in the imaginary part, and is attributed to an interband transition from the O 2p derived bands to the La 5d band. 
The multilayer spectra closely resemble a superposition of the spectra of bulk STO and LAO. By fitting backgroundsubtracted multilayer spectra from samples ML1 and ML5 with bulk spectra at the corresponding scattering angles, one obtains a STO/LAO ratio of 80:20 for the presented spectra. From this, one obtains that approximately 60% of the signal originates from the substrate and the rest from the multilayer. The fitting was performed in an energy interval of 25-70 eV to partially account for background fluctuations. Indeed it can be seen from the ML5 spectrum in figure 8 that the He 1s at 21 eV peak has more weight than in ML1.
It should be noted that when considering all analyzers the obtained STO fractions were found to vary between 20-80%. This is observed especially at large → q. The effect is readily explained by the fact that the spectra at large → q is in essence the Compton continuum with partially overlapping semicore lines. This makes a least squares fit an unreliable approach at the current statistical accuracy. Thus we focus on the analysis of a more feature-rich low-q spectra, which gave consistent STO portions between samples in the fitting procedure.
As an example we present a fit to the ML1 and ML5 spectra at = ( * * ) → → → q a c 0.27 , 0, 1.13 in figure 8 . The peaks remain at the same energies as in the multilayer spectra. The lineshape of the interband peak at 14-16 eV remains the same as in bulk. Similarly the main plasmon of STO and the Ti 3s peak at 30 and 50 eV remain bulklike. In a free electron picture one would not expect a large change in the plasmon, but the apparent similarity of the interband and semicore peaks is surprising. Valence band photoemission experiments have shown clear spectral changes for single interface samples [29] . The two sharp peaks found in the pristine STO DOS broaden and a LAO related high binding energy feature appears at −10 eV, gaining intensity as more LAO is deposited. Thus one would expect to see increased spectral weight on the high energy side of the peak. Upon closer inspection of the interband peak it is seen that the ML1 and STO peaks are identical within ε(q,ω) arb. u.
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Im ε Re ε statistical accuracy whereas the ML5 peak is slightly narrower. The interband peak of pristine LAO is at lower energies than in STO. It is however a very weak feature in the experimental LAO spectra at this → q. Recent optical conductivity experiments on thin film samples revealed a large change in the spectral region of 15-20 eV [63] . The dynamic structure factor appears not to have a similar effect, or possibly, the effects are masked by the bulk scattering contribution.
Conclusions
We have presented an experimental and computational study of the dynamical structure factor in STO, LAO and LAO/ STO multilayers. The nature of the observed excitations was elucidated using a multiplet model and first principles RPA with local fields calculations. The multilayer valence spectra are well described by a superposition of bulk spectra. This implies that the changes with respect to bulk properties in both local electronic structure and long wavelength part of the Coulomb interaction (i.e. plasmons) in heterostructures are rather subtle. Whether this conclusion holds with improved experimentation or in cases where the bulk compounds have more distinct electronic structures, remains an open question. We have demonstrated that IXS is suitable for studying the neutral excitation spectra of multilayers. In comparison with resonant inelastic scattering of soft x-rays, it is possible to match the probing depth with the sample thickness via a proper choice of glancing angle and incident energy for samples thicker than the typical soft x-ray attenuation length (≈20 nm). Furthermore plasmons contribute only weakly, if at all, to the resonant IXS cross section, whereas they are a prominent feature in non resonant IXS [64] . Dipole forbidden transitions are difficult to observe in optical spectroscopies, whereas they are readily observed in IXS at large momentum transfers. We also note that x-ray standing wave effects in IXS present an interesting future direction.
A more detailed investigation of the ω ( ) → S q, of a multilayer or thin film sample is certainly feasible. Studies of excitations below 5 eV, with → q along a high symmetry lines, do not require a methodology fundamentally different from ours. Although ideal experimental conditions require the fundamentally incompatible demands of parallel beam and small footprint, modern synchrotrons and spectrometers provide enough photons on the sample and collection efficiency to allow for optimizing the beam properties for this particular application. More sophisticated calculations of ω ( ) → S q, in heterostructures, taking lattice distortions and post-LDA exchange-correlation effects into account, could present an interesting topic for further inquiry.
